One of the critical factors in the survival of embryonic neural grafts is the age at which the population of donor neurons is harvested. This is especially the case for the developing dopaminergic neurons in the embryonic ventral mesencephalon, which are used for neural grafts in Parkinson's disease (PD). The donor age for optimal harvesting of these cells has been well characterized in the mouse, rat, and marmoset, and to a lesser extent in humans. However, the best donor age for porcine ventral mesencephalic tissue has not been ascertained, even though the use of this tissue for xenografts has been explored both experimentally and clinically. In this study the effect of donor age on dopaminergic cell survival was assessed in vitro, from a range of fetal pigs aged from E24 to E35. The number of tyrosine hydroxylase (TH)-positive cells per ventral mesencephalon was then calculated after 1 and 7 days in culture. E26-E27 embryos gave the highest yield of such cells at both survival time points, suggesting that this will be the optimal age for harvesting tissues whether for experimental or clinical nigral xenograft programs.
INTRODUCTION
It is now well established that the success of intrace rebral grafts of embryonic neural tissue is critically de pendent on the age at which the tissue is harvested. This age varies with both the neural tissue being transplanted and the species from which that tissue is being dissected.
The survival of dopaminergic cells from the embryonic ventral mesencephalon (VM) is especially age depen dent, and the best donor age has now been established for a number of different species including rat, human, and marmoset (1, 2, 8) . However, while this has allowed for the development of clinical programs of transplanta tion in patients with Parkinson's disease (PD), a number of problems arise with the use of human allografts.
These problems include the ethical difficulties of using aborted embryonic tissue for grafting as well as the prac tical issue that large numbers of fetuses are required for any individual patient (16, 21) . As a result of this, alter native sources of dopaminergic cell replacement have been sought including the use of fetal porcine tissue (14, 18) . This approach has the advantage that the tissue is embryonic in nature and relatively easy to obtain, al though the risk of unknown retroviral infection has meant that some caution has been expressed about its use clinically (13, 19) . Notwithstanding this, fetal por cine ventral mesencephalic tissue has not only been grown in culture (20) and grafted into animal models of PD [ (7, 10, 11, 14) ; Watts et al., unpublished data] but has already been developed to the point of the first clinical trials (5) . However the relevance of donor age to the success of these grafts has not been explicitly assessed.
Developmental studies of the porcine ventral mesen cephalic system have shown that the earliest appearance of mesecephalic dopaminergic neurons is at E20, al though HPLC on porcine explants has shown that cate cholamines are not detectable at this age (15) . However, by E27-E28 there is significant dopamine production with innervation of the developing striatum beginning at around E26. These studies would suggest that E26-E28 is the age at which porcine embryos reach the optimal stage for harvesting dopaminergic neurons, in contrast to both the claim of Freeman et al. (6) with minipigs and the age of tissue used in many studies. This study therefore undertook an assessment of the effect of donor age on dopaminergic neuronal survival in culture. This approach is useful as it circumvents the difficulties of interpretation inherent to the xenograft rejection process Accepted May 4, 1999.
while providing data that have been shown to correlate well with the grafting paradigm (2) . It is for this reason that this approach has been taken in this study.
MATERIALS AND METHODS
Ventral mesencephalic (VM) tissue was dissected from pig embryos aged from E24 to E35 and dissociated into a cell suspension according to a standard protocol after measurement of the crown-rump length of the em bryos (2) . Briefly, the tissue was dissected under sterile conditions in phosphate buffer saline (PBS) (0.1 M, pH 7.4) with 0.6% glucose and pooled. The area taken for dissection is shown on an E26 embryo in Figure 1 . The dissected VM tissue was then incubated in 0.1% bovine trypsin (Worthington/Cooper, Cambridge Bioscience) for 15-20 min at 37°C. DNase (0.001%) (Sigma) was added and the whole preparation spun at 100 x g for 2 min. Following centrifugation, the tissue was triturated by removal of the supernatant and addition of the tritu rating solution containing 1 mg bovine serum albumen (BSA), 10 mg DNase, and 0.5 mg soybean trypsin inhib itor (Sigma) per milliliter of PBS. The tissue was tritu rated with 10-15 passages through a flame-polished Pasteur pipette to give a final cell suspension to which was added culture medium at a volume of 50 ul per 400,000 cells. The culture medium (CM) consisted of 77% DMEM (Imperial Lab), 20% fetal calf serum (Flow), 2% B-27, and 1% penicillin, streptomycin, and fungizone (Sigma). The suspension was then plated out onto 13-mm coverslips previously coated with 0.01% poly-D-lysine (Sigma), at a density of 400,000 cells per coverslip. The cells were then left to settle for 30-60 min following which 0.5 ml of CM was added and the whole culture incubated in 6% carbon dioxide at 37°C; the CM changed every 3 days.
Prior to plating out, the number and percentage of via ble cells was assessed using the trypan blue vital stain.
After 1 and 7 days in culture, half the cultures were fixed and stained for tyrosine hydroxylase (TH) immunohistochemically. At the appropriate time the coverslips were removed, washed twice in PBS, and fixed in 4% paraformaldehyde in PBS for 60 min at room temperature. They were then washed three times in PBS and incubated in 5% normal goat serum (NGS) in PBS containing 0.2% Triton-X (PBS/T; Merck) for a further 60 min. This was then replaced with a monoclonal anti body to tyrosine hydroxylase (Boehringer 
RESULTS
Sixteen litters of pig embryos were obtained ranging from embryonic age 24 (E24) to E35. The number at each time point is shown in Table 1 . The crown-rump length at these different ages is shown in Figure 2 and varies from 14 to 34 mm. The developing dopaminergic cells were shown to lie within the area of dissection (see Fig. IB ).
The number of TH-positive cells cultured in vitro from an individual VM was greatest from embryos aged E26/27 at both time points [age: F(l, 79) = 46.36, p < 0.001; t = 9.04, 6.04 for E26 and E27 vs. E25, p < 0.01] (see Fig. 3 ). The heterogeneity between groups and the large variance meant that further analysis of the data was undertaken after logarithmic transformation, but this produced no difference in the statistical results, again revealing a significant effect for age [age: F(l, 79) = 69.14, p< 0.001].
The great majority of cells grown from the embry onic VM cultures were nondopaminergic in nature (see Fig. 4 ). However, TH-positive neurons after 1 day in culture had round cell bodies with minimal fiber outgrowth (Fig. 4A ) while by 7 days in culture they had developed a more mature phenotype with intense TH staining and extensive fiber outgrowth (Fig. 4B, D) . These morphological characteristics of the TH-positive cells were similar in cultures from all ages of embryo. However, at earlier time points the dissection was diffi cult because of adherent meninges, and cultures had fewer numbers of cells that tended to be clumped.
The proportion of TH-positive cells per 400,000 cells plated showed a similar pattern to that for the total num ber of cells per VM [age: F(l, 223) = 51.8, p < 0.001] (Fig. 5) . In other words, the proportion of cells surviving in culture was maximal at E26/E27. At older and younger ages the proportion of TH-positive cells per culture was less, and this reduction was not compensated for by any difference in the amount of harvested tissue that different size embryos would generate.
There was no apparent loss of dopaminergic neurons over time in the culture ( Fig. 3) , in contrast to earlier studies using rat ventral mesencephalic tissue (2,3). The reason for this is not clear, but may be related to the fact that many of the cells after 1 day in culture express low levels of TH, at least on immunohistochemical staining, compared to that seen in previous studies (2) .
DISCUSSION
This study has demonstrated that, in culture, the best donor age for harvesting dopaminergic neurons from the porcine ventral mesencephalon is E26/27, which corre sponds to the time at which this system normally devel ops. Molenaar et al. (15) , in an ontogenetic study, dem onstrated that the earliest appearance of mesencephalic dopaminergic neurons is at E20, but that these neurons develop slowly and at E28 are still characterized by rounded cell bodies with only short processes. However, from E28 until E42 there is a further increase in the numbers of TH cells and fibers, such that by E42 the VM dopaminergic neurons have become well differenti ated and by E49 have fully matured with a morphologi cal appearance identical to that seen in the postnatal and adult pig (17) . Thus, the dopaminergic nigrostriatal sys tem develops in situ from E20 to E49. Freeman et al. (6) , using minipigs, had narrowed the period of harvest ing for grafting to E22-E26, claiming that this was the porcine ontogenetic equivalent of the rat E13-E14, the optimal time for harvesting dopaminergic neurons from the VM (2). This in vitro study lends some support to this latter claim.
To date, in vitro studies with porcine embryonic tis sue are limited to one other study, and in this work older tissue and lower dopaminergic neuronal yields were ob tained (20) . van Roon et al. cultured E28 VM tissue in monolayer cultures and derived approximately 500-1000 TH-positive cells per VM, which increased to 4000-5000 per VM with BDNF after 5 days in culture. The TH-positive neurons tended to have a bipolar mor phology and had limited neurite outgrowth that was not affected by BDNF. This study has demonstrated a much higher yield of cells per VM using tissue of this age without the use of any neurotrophic factors. The reason for this is unclear, but may relate to differences in the preparation procedure.
In vitro studies, while placing the cells in a nonphysiological environment, seem relatively good indicators of cell survival within neural grafts (2, 9) , although not all studies have supported such a contention, especially when the tissue has been cryopreserved (4). Previously, we have shown that factors identified in culture as being critical in the preparation of both rat nigral and striatal tissue translated into effects on graft survival and ex pression (2, 9) . This is especially pertinent to this study given the problems of xenograft rejection even when im munosuppressive agents such as cyclosporin A are used [reviewed in (18) ]. Thus, any in vivo graft study looking at donor age involves difficulties of interpretation re lated to the fact that the grafts may be lost or suboptimal for a number of reasons, not the least rejection. It was for this reason that this in vitro study was undertaken.
To date neural xenografts of porcine tissue have used a range of donor ages without any explicit analysis of the optimal age, although anecdotally E26-E28 has been chosen as the probable best age. The first study using porcine VM tissue was by Freeman et al, (7) , who grafted E23-E26 porcine nigral tissue into 14 rats given cyclosporin A immunosuppression. These rats, which had previously undergone unilateral 6-OHDA lesions of the nigrostriatal bundle, received between 52,000 and 1,200,000 cells implanted into the dopamine deafferen- In conclusion, previous studies have shown that TH cell survival is seen with a range of fetal ages, but the best donor age cannot yet be deduced given the highly variable survival of these grafts in the immunosup pressed animal. This study circumvented that difficulty by studying the behavior of dopaminergic neurons from the embryonic porcine VM in culture, and has shown that the optimal time for harvesting these cells coincides with the time at which they normally develop (15) . This study does not exclude the possibility that robust graft survival, in terms of TH-positive neurons, will be seen at a range of ages, including earlier time points than those identified as optimal in this study. However, this study does suggest that E26-E27 porcine embryos, cor responding to a crown-rump length of 17-19 mm, may be the optimal age for harvesting tissues whether for experimental or clinical nigral xenograft programs.
